Abstract-High-frequency signals on interconnects can cause significant radiated electromagnetic emissions. An intermediate level modeling method aimed at providing a faster solution with less computing resources to allow designers to obtain rapid approximations is desirable. This paper presents a modeling technique to speed up the evaluation of radiated fields from interconnect cables. Based on the Hertzian dipole radiation theory and transmissionline frequency-dependant solutions, the radiating source is modeled by the sum of a large number of short dipoles. This model allows the contributions of line-end discontinuities to be included through a vector network analyzer measurement together with a monopole approximation. The proposed method is verified by open-line and RG 58 coaxial cable measurements.
I. INTRODUCTION

R
APID advances in science and technology have led to increased requirements for high-speed clock rates. At higher frequencies, energy is more difficult to contain. Factors like enclosure slots, length of individual component interconnections, and radiation directly from terminated high-speed circuit boards all are potential causes for unwanted radiation. Electromagnetic field radiation from the electrical and electronic apparatus is an important topic in electromagnetic compatibility (EMC). The standard EMC method [1] , [2] is to measure the electric field radiated by the source over the frequency range from 30 to 1000 MHz, performed typically in an anechoic chamber or an open-area test site. Recently, researchers have suggested the substitution of radiated power measurements for the present electric field measurements [3] . If the total radiated power and the maximum directivity of the source are known, the maximum electric field over a sphere of arbitrary radius can be easily determined [4] . This is essentially a far-field expression of the radiation by an antenna. On the other hand, to ensure the normal functioning of solid-state circuits, control, and massive data commutation networks, the electric field from interesting sources in both the far-field and near-field should be accurately calculated and controlled. Basically, two techniques have been used to compute the radiated electromagnetic field from a transmission line (TL): closed-form analytical solutions [5] - [7] and the Hertzian dipole approximation approach [8] - [11] .
The first approach resolves the travelling current signal into a series of transient functions. The resultant field is then a superposition over all these functions [5] . This task reduces minutes or hours of computer time to solve a full-wave model of the TL. Although this solution is very powerful and accessible, the radiation due to the discontinuities introduced by the line ends (e.g., vertical supports and connection transitions) was assumed to be negligible and no direct comparison with measured radiated fields was provided. A closed-form solution for the total power radiated by a multiconductor line above a ground plane was proposed in [7] . Since the ohmic losses were neglected in this modeling, several decibels discrepancy can be occurring between the experimental data and numerical ones. Meanwhile, the minimum frequency for the measured data was limited by the chamber's dimension when the reverberation chamber methods were used [5] , [7] .
The second approach is to segment a TL into many short Hertzian dipoles. The radiated field by this line is then the summation of all contributions from each dipole. In time-dependant transient studies, the radiation current and the radiated fields are both calculated and expressed in the time domain [8] - [11] . EMC designers usually solve problems using frequency-domain observations as typically provided by a spectrum analyzer. Therefore, a fast frequency-domain calculation model is more suitable for radiated field verifications. Most of the aforementioned methods focus on the differential-mode radiation from an open-wire or single PCB trace was evaluated with a closed-form solution elaborated by a TL model and a modified Green's function [12] . However, when shielded cables are used, the commonmode radiated fields differ from those from bare wires, and therefore, warrant investigation.
In this paper, an intermediate level modeling method aimed at providing a faster solution with less computing resources, allowing designers to obtain fast but accurate approximations, is discussed. The starting point of the method presented is to calculate the current distribution along the line using the TL approximation. The line-end discontinuities are characterized by fitting to the measured impedance curve from a cable prototype. After that, to calculate the radiated field, the method of small Hertzian dipoles is used, requiring numerical summation. A computation code in MATLAB has been used for the implementation of the proposed numerical technique and all of these calculations are very faster than the 3-D fullwave simulation. The calculated results of the radiated emissions from nonshielded transmission as well as braided shielded TLs are compared with the measurement results using antenna measurements.
II. HERTZIAN DIPOLE ANTENNA METHOD
The Hertzian dipole is well known and corresponds to a shortlength wire (of length l <<λ, where λ is the wavelength of the signal) driven by an ac current of frequency ω. The wire is taken along the z-axis in a rectangular coordinate system. The current flowing in the dipole is assumed at the start to be a time-varying current given by I(t, r = 0) = I 0 cos(ωt) at the dipole. The magnetic-and electric-field components of the Hertzian dipole are [13] as follows:
where ε 0 and μ 0 are the permittivity and permeability for free space, respectively. In general field calculations, which may contain many radiating structures, summation of the field components can best be achieved using Cartesian coordinates. The electric fields for each dipole element in Cartesian coordinates are as follows:
III. RADIATION FROM AN OPEN LINE OVER GROUND
A line model configuration like the one in Fig. 1 has been considered. The measurements were carried out in an anechoic chamber to reduce reflections and improve the experimental accuracy. A single round bare copper wire l e in length, r w in radius, and h in height above a 2 m × 0.5 m aluminum sheet was constructed as the radiation model. The aluminum sheet was placed on the floor of the chamber and served as the ground plane. The line was kept suspended by two vertical copper supports, whereas the line ends were connected to two N-type connectors. The first connector was used for loading the line with N-type loads, and the other one was connected to a coaxial cable for the line excitation. An antenna was placed at the height of H ant above the wire to detect the electric field radiation.
In Fig. 1 , if the metal plate was infinite, this line would be equivalent to a two-wire line, because of the image theorem. When the ground plane is finite, the equivalence is only approximate, but if its size is much larger than the distance h between the wire and the plane, the errors are negligible [14] .
A. TL Model With Line-End Discontinuities
When an open line is investigated as the radiating line, the transmission network circuit can be modeled as shown in Fig. 2 , where C t1 and C t2 are the equivalent parallel capacitances for the feeding coaxial connector and the load coaxial connector, respectively. The per-unit-length parameters of an open line over ground are defined as R ow , L ow , C ow , and G ow . The line current anywhere on the line in closed form in terms of the reflection coefficients at the source and the load [15] is as follows:
with The exact per-unit-length high-frequency resistance for a round wire over ground is [15] 
where R S = 1/(σδ) is the surface resistance and δ = 1/(πf μ 0σ) is the skin depth. In Fig. 2 , the horizontal part of the line is regarded as a uniform transmission line (TEM mode) with a characteristic impedance Z ow and a complex propagation constant γ ow . The line-end discontinuities such as the connectors are approximated by two 1-pF capacitors [19] . To accurately determine the current distribution by using (6), the line-end capacitances related to the coaxial connectors should be taken into account.
The model for line-end discontinuities have been determined using a 6-cm long and 5-cm high line configuration shown in Fig. 3. An equivalent model for this structure is given in Fig. 4(a) , showing two terminal capacitances C t and two inductances L t to add at the line ends. Fig. 4 (a) also shows that the short line is represented by connecting two short sections in cascade. A good approximation of the highest frequency range represented by the two cascaded nominal circuits is given in [16] 
This means that the representation of this distributed effect by the equivalent lumped model is a useful approximation up to a frequency of 3.18 GHz.
The values of C t and L t will depend on the physical dimensions of the N-type coaxial connectors, as shown in Fig. 4(b) , where a 1 = 3.05 mm is the diameter of the core conductor, b 1 = 8.08 mm is the diameter of the dielectric material, Polytetrafluoroethylene, and d 1 = 24.59 mm is the length of the connector. Using the actual dimensions, the values of C t and L t are given by
Alternatively, an experimental characterization, in terms of scattering parameters S 11 , has been performed to derive the LC model of Fig. 4(a) . It relies on the knowledge of the input impedance Z in of the whole circuit under test, which is extracted from the S 11 parameter of the circuit obtained from a vector network analyzer (VNA).
where Z VNA = 50 Ω is the nominal impedance of the VNA. The validation of the cable impedance with frequency of a 6-cm line length in open circuit (OC) and short circuit (SC) are represented in Figs. 5 and 6, respectively. At low frequencies, the SC impedance profile is basically inductive, while the OC impedance is capacitive.
From the measurement data shown in Figs. 5 and 6, the equivalent total capacitance and total inductance through the impedance profile can be determined as
The total inductance and total capacitance have been assumed to be constant over the range of interest at 74.75-nH and 6.19-pF, respectively.
The capacitance and inductance parameters [15] for each segment are given by
Using (12)- (15), we can obtain
It is obvious that the value of C t from (15) and (9) agrees very well. It is interesting to note that the value of L t from (17) is larger than the evaluated result from (10) . This is likely due to the inductance of vertical support was neglected in the model of Fig. 4 .
The results obtained through this representation are shown in Figs. 5 and 6. The empirical model was proposed in [17] by estimating about 1 pF for the line-end transition. In fact, as shown in Fig. 6 , the empirical model predicts the first resonance frequency at about 570 MHz; whereas the actual resonance takes place around 310 MHz. Also, as shown in both Figs. 5 and 6, the proposed model better approximates measurement, which demonstrates the models effectiveness.
As further validations, Fig. 7 (a) and (b) plots the computed results of two cases for wire over ground both in 50-Ω loaded configuration compared to the experimental data, where kept the test fixture same as in the 6-cm case of Fig. 3 but the length in Fig. 7(a) is 30-cm, while (b) is for 1-m case. The results obtained with this proposed model demonstrate good description of the line-end discontinuities behavior.
B. Model for Radiated Field Calculation
To determine the radiated field generated by the TL system shown in Fig. 1 , one can regard the TL as being made up of a large number of short dipole radiators. As shown in Fig. 8 , the length of each dipole is chosen to be short enough to approximate a Hertzian dipole. Currents I 1 − I ξ , which are in general frequency dependant, are obtained from (6) . Currents I 1 − I ξ are the components of the mirror wire current.
I ξ (ω) = − I ξ (ω) = I(ξl e /N, ω) n z , ξ = 1, 2, . . . N (18) where N is the segment number.
Current I vs1 = I vs1 defines the real part and mirror part of the source side vertical support current. Current I vs2 = I vs2 defines load side vertical support current. By using Kirchhoff's current law, we can obtain I vsd1 (ω) = I 1 (ω) n y and I vs2 (ω) = −I N (ω) n y (19) where n y is the unit vector in the y-direction.
Given the observation point coordinates P (x, y, z), according to the Hertzian dipole field theory addressed in Section II, we can compute the radiated fields from all the radiators in Fig. 8 . After that, the total radiated field from the entire TL system can be calculated using the following expressions: (20) where E real and E imag are the radiated electric fields from the real current segment and mirror current segment, respectively, and E vs1 and E vs2 are the radiated electric fields from the real source side vertical support and the real load side vertical support, respectively, while E vs1 and E vs2 are the radiated electric field from the mirror source side vertical support and the mirror load side vertical support, respectively.
C. Measurement Results for Open Wire
In order to validate the field model derived previously, the radiated fields from a bare wire above ground plane (l e = 1 m, r w = 0.5 mm, and h = 5 cm) were calculated and measured. An open wire under test in Fig. 9 was realized with the source feeding cable connected to a wideband swept sinusoidal signal excitation source whose amplitude is 0.224 V (107 dBμV) over the entire range 10 MHz-1 GHz frequency. The wire load was alternately disconnected and connected to a 50-Ω resistance to realize the open and resistive load. A current probe (Eaton Corp., model 94111-1, 1-1000 MHz) clipped on the wire at an arbitrary position was used to measure the RF current. At frequencies from 20 to 200 MHz, the radiated field was mea- [18] . A broadband model has been developed in wireSolver to obtain the transient response of voltage and current distributed on the line. After running for sufficient time steps, voltage and current responses approach steady state. Applying a fast Fourier transform to the time domain current approaching steady state, the frequency spectrum of current on the line can be obtained. After that, the radiation spectrum can also be determined referring the process of Section III-B. Fig. 10(a) and (b) shows the results from the calculated current spectrum using (6), 3-D time-domain simulation, and measured data using the current probe. The computation by (6) was carried out by dividing the line into 100 segments. Comparisons were made in accordance with the overall feature selective validation criteria defined in IEEE P1597.1 [19] . Both the OC load and the 50-Ω resistive load results give good agreement between the model and the measurement. The small resonant frequency shifts above 400 MHz can be observed. These errors are due to the artifacts introduced by the current probe, scattering from the termination plates, laboratory objects, etc. These effects were not considered in the model. Fig. 11(a) and (b) shows the comparison of the measured and computed radiated electric fields at the observation point P (0, 1 m, 50 cm). The radiation field was studied in the frequency range 30 MHz-1 GHz. These results show that radiated fields from the line-end vertical supports are important although usually they are neglected in calculations. In both the OC load and 50-Ω resistive load cases, major discrepancies occur between 30 and 900 MHz due to the presence of the vertical supports. Indeed, the currents flowing through them contributed to a monopole-like field, which is not negligible. In this case, the current distribution significantly affects radiation at the frequency below 100 MHz, approximately 300, 600, and 900 MHz. The computed results that include the vertical support contributions match the measurement results very well. The difference at most frequencies is less than 3 dB. The proposed computational time required for the emission calculation problem on an Intel Core2Duo E8400 4.0G computer is only 6.75 s and modeling accuracy is indicated by the comparison results, which indicate that the proposed model can predict the radiated emissions.
IV. RADIATION FROM A COAXIAL CABLE OVER GROUND
A. TL Models of Shielded Cable
To investigate the radiated fields from shielded coaxial cables, the bare wire in Fig. 1 was replaced by a RG 58 coaxial cable together with two SMA-type connectors (introducing two 2.6-pF equivalent parallel capacitances). Based on the conven- tional shielded cable analysis method, Fig. 12 gives the threeconductor system with reference directions and notation [20] , [21] . The whole system is interpreted as two TL loops, which are coupled via a mutual conductor, the shield. Adopting the current notations shown in Fig. 12 for the inner and outer system cable representation, the outer braid current flowing between the cable sheath and the ground plane can be treated as the common-mode radiated field excitation current.
In Fig. 12 , the inner current anywhere on the core conductor is given by
where γ 1 and Z C 1 are the complex propagation constant and the complex characteristic impedance of the coax inner TL, respectively. In this paper, the transfer mechanism between the internal voltages and currents, and the external voltages and currents is modeled by the transfer impedance only, i.e., the transfer admittance has not been included as for an optimized cable shield it has a negligible effect [22] , [23] . According to the coupling model shown in Fig. 13 , the braid shield leakage source V T can be expressed in terms of the transfer impedance and the inner excitation current where the approximate formula for the transfer impedance Z T of single braided shields developed by Kley is given in [24] . The current flowing between the braid and the ground return is obtained by [25] , [26] :
where γ 2 and Z C 2 are the complex propagation constant and the complex characteristic impedance of the coax outer TL, respectively.
B. Model for Coax Radiated Field Calculation
To determine the radiated field generated by the coaxial cable system shown in Fig. 12 , we regard the outer shield as being made up of a large number of short dipole radiators. Like the analysis in Section III-B, see Fig. 8 , the shield current distribution along the cable can be analytically calculated according to (23) . The total radiated field from the entire coaxial cable system can then be calculated by combining contributions from the sheath current and the line-end vertical supports current, as shown in Fig. 8 . 
C. Measurement Results for the Coaxial Cable
By using the same measurement configuration as shown in Fig. 1 , the radiated fields from a RG 58 coaxial cable above ground plane (l e = 1.2 m, h = 5 cm) were studied. The coaxial cable under test was fed by a source feeding cable connected to a wideband swept sinusoidal signal excitation source whose amplitude is 0.224 V (107 dBμV) over the entire range 10 MHz-1 GHz frequency. Fig. 14(a) and (b) shows the comparison between the calculated shield current spectrum using (23) and measured results using the current probe. The coax internal and external TL equations were discretized by dividing the line into 120 segments. The results from OC load and 50-Ω resistive load cases both give a very good agreement between the model and the measurement. The difference at most frequencies is less than 3 dB. Fig. 15 (a) and (b) shows the comparison of the measured and computed radiated electric fields at the observation point P(0, 1 m, 60 cm). The radiation field was studied in the frequency range 30 MHz-1 GHz. The computational time for solving the emission calculation problem on an Intel Core2Duo E8400 4.0G computer is only 26 s. The computed electric field also includes the contributions from the cable-end vertical supports. Notice that at the most frequencies, both the open load results and 50-Ω resistive load results show good agreement between the measured and simulated results, with respect to both the resonant frequencies and the peak values. This generally good match provides a further validation of the radiated emissions model in the case of coaxial cable applications. Major discrepancies occurring around 450 MHz and 900 MHz may be due to inaccuracies in the modeling of the coaxial braid current. Another contributing factor for the discrepancies observed may be due to the uncertainty in the position of the antenna during measurement procedures.
V. CONCLUSION
A modeling technique has been presented to speed up the evaluation of radiated fields from interconnect cables. Based on the Hertzian dipole radiation theory and a TL frequencydependant current solution, the radiating cables are modeled by a large number of short dipoles and the radiated field generated by a cable is then obtained by summation of contributions from all dipoles. The proposed model can be applied to open line as well as to coaxial cable systems. This paper also demonstrated the capacitance of end wires in the calculations of radiated fields. The intermediate level model method generally requires much lower computational resources than a traditional full-wave simulation. His research interests include computational electromagnetics, electromagnetic compatibility with measurements, and transmission-line modeling method.
